it is suggested that the midlatitude ocean-atmosphere interaction can provide a positive feedback mechanism for the development of initial anomaly, in which the oceanic front and the atmospheric transient eddy are the indispensable ingredients. Such a positive ocean-atmosphere feedback mechanism is fundamentally responsible for the observed decadal anomalies in the midlatitude North Pacific ocean-atmosphere system.
Introduction
Since the mid-1990s, a variety of observational studies have discovered the existence of the midlatitude climate variabilities on decadal to inter-decadal time scales in both the atmosphere and the ocean, such as the Pacific Decadal Oscillation (PDO) over North Pacific and the North Atlantic Oscillation (NAO) over North Atlantic (Trenberth 1990; Graham et al. 1994; Kushnir 1994; Minobe 1997; Mantua et al. 1997; Enfield and Mestas-Nunez 1999; Zhu and Yang 2003a; Deser et al. 2004; Fang et al. 2006) . The spatiotemporal patterns of the decadal variabilities in the atmosphere and in the ocean are well correlated during winter. The atmospheric circulation anomalies associated with large-scale SST anomalies on decadal timescale exhibit an equivalent barotropic structure in the vertical direction, with lows (highs) above cold (warm) water (Kushnir et al. 2002; Namias and Cayan 1981; Cayan 1992; Deser and Blackman 1993) . Such decadal variabilities have important impact on the large scale climate anomalies especially those in East Asia (Zhu and Yang 2003b; Yang et al. 2005;  Abstract The structure and dynamics of decadal anomalies in the wintertime midlatitude North Pacific oceanatmosphere system are examined in this study, using the NCEP/NCAR atmospheric reanalysis, HadISST SST and Simple Ocean Data Assimilation data for 1960-2010. The midlatitude decadal anomalies associated with the Pacific Decadal Oscillation are identified, being characterized by an equivalent barotropic atmospheric low (high) pressure over a cold (warm) oceanic surface. Such a unique configuration of decadal anomalies can be maintained by an unstable ocean-atmosphere interaction mechanism in the midlatitudes, which is hypothesized as follows. Associated with a warm PDO phase, an initial midlatitude surface westerly anomaly accompanied with intensified Aleutian low tends to force a negative SST anomaly by increasing upward surface heat fluxes and driving southward Ekman current anomaly. The SST cooling tends to increase the meridional SST gradient, thus enhancing the subtropical oceanic front. As an adjustment of the atmospheric boundary layer to the enhanced oceanic front, the low-level atmospheric meridional temperature gradient and thus the low-level atmospheric baroclinicity tend to be strengthened, inducing more active transient eddy activities that increase transient eddy vorticity forcing. The vorticity forcing that dominates the total atmospheric forcing tends to produce an equivalent barotropic atmospheric low pressure north of the initial westerly anomaly, intensifying the initial anomalies of the midlatitude surface westerly and Aleutian low. Therefore, 1 3 Xu et al. 2005; Zhu et al. 2008a, b; Yang and Zhu 2008) . Thus the mechanism of decadal climate variabilities has become the focus of climate dynamics research (Liu 2012) .
Because the typical timescale of midlatitude upperocean is up to 10 years, the midlatitude ocean-atmosphere interaction is generally considered to be a potential source of decadal-to-interdecadal climate variability (Latif and Barnett 1996; Miller and Schneider 2000; Zhong et al. 2008; Zhu et al. 2008a, b; Fang and Yang 2011) . During the past decade, a number of observations, theoretical analyses and GCM simulations have provided evidence for the feedback of extratropical sea surface temperature (SST) on large-scale atmospheric circulation by not only passive response, but also active coupling McWilliams 1997, 1998; Neelin and Weng 1999; Latif and Barnett 1996; Liu and Wu 2004; Zhong et al. 2008; Zhu et al. 2008b; Fang and Yang 2011) . The atmospheric impact on the midlatitude ocean has been well examined. It is widely agreed that the midlatitude SST anomalies are mainly caused by the atmosphere through air-sea heat fluxes and upper-ocean current response. The decadal timescale of the climate variability is determined by the slow upper ocean adjustment processes as response to the atmospheric forcing. These adjustment processes involve the oceanic gyre (Latif and Barnett 1994) , the subduction (Gu and Philander 1997) and the oceanic Rossby wave propagation (Qiu et al. 2007 ). However, how the midlatitude ocean influences the atmosphere is still an unsolved issue. Atmospheric responses to heating or prescribed SST anomalies in different simple or complex models are not consistent. Some of those responses are barotropic, with atmospheric high pressure over warm oceanic surface, as in observation (Palmer and Sun 1985; Barnett 1994, 1996; Peng et al. 1995 Peng et al. , 1997 , or with atmospheric low pressure over warm oceanic surface (Picther et al. 1988; Kushnir and Lau 1992; Peng and Whitaker 1999) , and others are baroclinic (Hoskins and Karoly 1981; Kushnir and Held 1996) . In terms of Frankignoul (1985) , the differences in those model simulations can be attributed to the different distributions of the atmospheric heating and cooling anomalies induced by the midlatitude SST anomalies. Peng et al. (1997) and Peng and Whitaker (1999) also indicated that the response of atmospheric models to the midlatitude SST anomalies is strongly dependent on the accurate simulation of climatological mean state and transient eddy feedback in the models. Therefore, understanding the mechanism of the midlatitude ocean's impact on the atmosphere, especially the role of transient eddy feedback, is still an open question.
The midlatitude atmosphere has strong baroclinicity and strong internal variability, in which transient eddies accompanied with jet stream and storm track develop vigorously (Ren et al. 2010; Chu et al. 2013; Liu et al. 2014) . The synoptic transient eddies can transport heat and momentum flux in the atmosphere, and thus can redistribute the heat and momentum in space. Moreover, the region of storm track and strong transient eddy activities is corresponding to the oceanic front zone in the midlatitudes. In recent years, observational studies with high-resolution satellite data (Nakamura et al. 2004; Small et al. 2008) and numerical studies with high-resolution GCM Taguchi et al. 2009; Sampe et al. 2010; Czaja and Blunt 2011; Feliks et al. 2004 Feliks et al. , 2007 Feliks et al. , 2011 have shown that the SST anomalies associated with midlatitude oceanic front zones can influence the time-mean atmospheric circulation beyond planetary boundary layer. Therefore, the transient eddies not only play an important role in driving and maintaining midlatitude atmospheric circulation (Ren et al. 2011; Xiang and Yang 2012; Zhang et al. 2012; Nie et al. 2013 Nie et al. , 2014 , but also may act as a main dynamical process through which the midlatitude ocean thermal condition can affect the atmosphere (Ren et al. 2007 ).
This study aims at investigating the role of midlatitude ocean-atmosphere interaction in the wintertime decadal climate variability over the North Pacific. The focus will be on the dynamical processes of atmospheric response to the midlatitude SST anomalies associated with the oceanic front variations through thermal and dynamical forcing sources that include the direct diabatic heating and indirect transient eddy forcing. The relative contributions of different kinds of atmospheric forcing to the formation of atmospheric circulation response structure are also discussed through quantitative analyses. A hypothesis for unstable ocean-atmosphere interaction in the midlatitudes is proposed. In this hypothesis, the role of the atmospheric transient eddy forcing induced by the oceanic front in how the midlatitude SST anomalies affect the atmospheric anomalies is emphasized. The paper is organized as follows. The data used is described in Sect. 2. In Sect. 3, typical structure features of the decadal anomalies in the wintertime midlatitude North Pacific and their configuration relationship are identified. The processes of atmospheric forcing on the ocean and those of atmospheric response to the ocean are examined in Sects. 4 and 5, respectively. In Sect. 6, a possible unstable ocean-atmosphere interaction mechanism is proposed to explain observed decadal anomalies in the midlatitude North Pacific. The final section is devoted to the conclusions and discussion.
Data
In the present study, the wintertime (DJF) refers to the months of December, January and February. Monthlymean atmospheric variables, including geopotential height, wind velocity and air temperature at 12 standard pressure levels from 1000 to 100 hPa, as well as sea level pressure (SLP) and surface heat flux, are taken from NCEP/NCAR monthly reanalysis data for the period 1960 to 2010. The horizontal resolution of reanalysis data is 2.5° × 2.5°. Monthly SST and upper-layer (0-100 m averaged) oceanic current data are taken from the Hadley Center Sea Ice and SST dataset (HadISST) version 1.1 on 1° × 1° grid, provided by the Met Office and Simple Ocean Data Assimilation (SODA) version 2.2.4, respectively. In addition, 6-hourly NCEP/NCAR reanalysis data are also used to calculate seasonal-mean transient eddy thermal and dynamical forcing based on their definitions in Sect. 5. The seasonal-mean diabatic heating is diagnosed as a residual in the thermodynamic equation. The PDO index is downloaded from website http://jisao.washington.edu/pdo/PDO. latest. The decadal anomaly of each variable is expressed by its regression on the PDO index. Furthermore, the atmospheric baroclinicity in this study is represented by the Eady growth rate that is calculated according to the relation
Structure of the decadal anomalies over the midlatitude North Pacific
The Pacific Decadal Oscillation (PDO) is the dominant climate variability in the North Pacific on decadal-to-interdecadal timescale, and it is defined as the leading EOF mode of the North Pacific monthly SST anomalies north of 20°N. Figure 1 shows the time series of standardized wintertime (DJF) PDO index for 1960-2010, which reveals obvious decadal and multi-decadal oscillation signature. During the last 50 years, the PDO phase transition occurred first in the winter of 1976/1977, and the PDO changed from a cold phase to a warm phase. This regime shift has been reported widely by many previous observational studies on different climatic variables (Nitta and Yamada 1989; Miller et al. 1994; Ebbesmeyer et al. 1991; Francis and Hare 1997; Mantua et al. 1997; Zhu and Yang 2003a) . The warm PDO phase has dominated most of the time since 1977 with strong oscillation in 1977-1987, 1991-1997 and 2002-2006 , and a cold phase has persisted since 2007, which can be seen more clearly from monthly PDO index. Furthermore, the PDO index has a negative trend over the past 20 years. Through linear regression upon the above PDO index, typical spatial patterns of wintertime oceanic and atmospheric anomalies in the North Pacific associated with a positive PDO phase are given in Fig. 2 . The sea surface temperature anomalies in the North Pacific exhibit a dipole mode during warm PDO phases, with a basin scale cooling anomaly in the western-to-central midlatitude North Pacific and a warming anomaly along the west coast of the North American continent (Fig. 2a) . Although PDO is conventionally defined by North Pacific SST anomalies, it does not only exist in the ocean. It is found that the primary patterns of atmospheric circulation anomalies over the North Pacific are well correlated with that of SST anomalies, especially in winter (Davis 1976 (Davis , 1978 Wallace and Jiang 1987; Kushnir et al. 2002; Zhu and Yang 2003a) . The co-variation of oceanic and atmospheric variability in the midlatitude North Pacific also suggests the important role of ocean-atmosphere interaction in the midlatitudes in the generation of PDO. Associated with the basin scale SST cooling, the sea level pressure is anomalously low over the North Pacific (north (Fig. 2b) , and the low pressure anomaly center is located north of the cold SST anomaly center. The corresponding spatial patterns of atmospheric geopotential height anomalies in the lower and upper troposphere are both similar to those of SLP anomalies, with large-scale atmospheric low pressure over cold oceanic surface (Fig. 2c, d ), featuring a barotropic atmospheric vertical structure. Therefore, the zonal westerly wind (Fig. 2e, f) is strengthened in the zone of maximum geopotential height gradient between 25°N and 45°N in both low and high levels of atmosphere, right over the cold SST center. However, the atmospheric temperature anomalies associated with the warm PDO phase is characterized by a baroclinic structure in the vertical direction ( Fig. 2g, h ). In the lower level, there is a negative atmospheric temperature anomaly over the midlatitude North Pacific (Fig. 2g) , consistent with the spatial pattern of SST anomalies, while in the higher level the anomalous pattern of atmospheric temperature is opposite (Fig. 2h ).
Furthermore, a longitude-altitude section averaged between 35°N and 45°N, as shown in Fig. 3 , clearly demonstrates the vertical structure of atmospheric height and temperature anomalies and their relationship with underlying SST anomalies. Over the cold SST anomaly, the anomalous atmospheric geopotential height displays an equivalent barotropic low from surface to above 100 hPa with maximum at 300 hPa. Accordingly, the atmospheric temperature becomes anomalously cold below the maximum low center while it is anomalously warm above the center, following the static equilibrium relation. This vertical structure is so-called equivalent barotropic cold/trough structure that describes the unique configuration features of the midlatitude North Pacific ocean-atmosphere anomalies on decadal timescale.
It should be noted that the typical distribution structure of atmospheric anomalies and its relationship with SST anomalies in the midlatitudes is quite different from that in the tropics. In the tropics, the positive SST anomalies trigger deep convection that releases condensational heating. As response to this diabatic heating, the lower-layer atmosphere converges and the upper-layer atmosphere diverges. Therefore, the anomalous atmospheric circulation is characterized by baroclinic structure in the vertical direction, suggesting that the tropical atmospheric anomaly is primarily thermal-driven (Matsuno 1966; Gill 1980) . While in the midlatitudes, the atmospheric height anomaly is equivalent barotropic with a geopotential low over cold water. The equivalent barotropic structure and the cold-trough relationship are not consistent with our knowledge of thermaldriven circulation. It is thus indicated that the midlatitude atmospheric circulation anomalies should be driven not only by the direct diabatic heating and that the mechanism of ocean-atmosphere interaction in the midlatitudes should be different from that in the tropics. In the following sections, we further examine the causative and maintenance mechanism of the equivalent barotropic cold/trough structure and the associated processes of midlatitude oceanatmosphere interaction.
The atmospheric forcing on the ocean in the midlatitude North Pacific
As shown in Fig. 2e , f, corresponding to the cold SST anomaly in the central North Pacific, the westerly is intensified from surface to upper atmosphere. On one hand, the intensified surface westerly tends to increase surface sensible and latent heat fluxes from the ocean, and hence increase upward surface heat flux (in wintertime, total surface heat flux is dominated by surface turbulent heat flux) over the eastern-to-central North Pacific (Fig. 4a ). Since the ocean loses more heat to the atmosphere, the SST will On the other hand, a cyclonic surface wind stress curl anomaly (Fig. 4b ) generated north of the increased surface westerly tends to drive an upper (0-100 m averaged) oceanic horizontal current anomaly (Fig. 4c) characterized by a cyclonic curl in the eastern North Pacific and a large-area southward flow in the western-to-central North Pacific, and an upward Ekman pumping anomaly. The upper oceanic horizontal current anomaly includes two components: the Ekman current anomaly (Fig. 4d ) in accordance to the Ekman theory and the geostrophic current anomaly (Fig. 4e ) determined by the slope of sea surface height anomaly that is caused by the divergence of Ekman transport, but the Ekman current anomaly is dominant. The southward Ekman flow and upward Ekman pumping could both transport cold water into the region of cold SST anomaly and further strengthen the SST anomaly there. Suppose that the climatological SST gradient exists only in meridional direction and that the initial SST anomaly is zero, then the anomalous SST tendency can be written as,
, where the over bar denotes wintertime climatology and the prime denotes the PDO-related wintertime anomaly. We estimate the SST tendency induced by the anomalies of surface heat flux (Q ′ /(ρc p H)), meridional current advection (−v ′ ∂T /∂y ) and Ekman pumping (−w ′ e ∂T /∂z), respectively, to analyze the relative contributions of the three processes to the cold SST anomaly (Fig. 4f-h ). We can see that all the three processes can cause large-scale SST cooling in the North Pacific. However, the contributions of surface heat flux anomaly (Fig. 4f) and meridional advection anomaly especially that by southward Ekman flow anomaly (Fig. 4g ) are more substantial, while the SST changes induced by Ekman pumping anomaly is relatively small (Fig. 4h) . Therefore, through the thermodynamic and dynamical processes forced by the increased surface westerly, the original cold SST anomaly will be maintained or even enhanced, forming a positive feedback if the increased surface westerly is induced by the cold SST anomaly.
Here we find that though the cold-trough relationship in the midlatitudes is different from the warm-trough relationship in the tropics, they are both associated with an upward surface heat flux. In the tropics, the upward heat flux is caused by warm SST and thus the warm water is the forcing source of the atmosphere. However, in the midlatitude North Pacific, it can be understood that the cold water is actually a result of atmospheric forcing. That is why the midlatitude ocean has been considered to play a passive role in the ocean-atmosphere interaction for a long time (Hasselmann 1976; Frankignoul et al. 1997; Saravanan and McWilliams 1998; Weng and Neelin 1998) . Though there is considerable evidence from observations, theoretical analyses and GCM simulations that the extratropical SST anomaly has an impact on the large-scale atmospheric circulation, to what extent and in what way the basin scale SST anomaly could influence the atmosphere is still unclear.
5 The atmospheric response to the ocean in the midlatitude North Pacific
Forcing sources of midlatitude seasonal-mean atmospheric circulation
As we mentioned in Sect. 3, the impact of midlatitude oceanic anomaly on the atmosphere may not only through direct diabatic heating. In the midlatitudes, the atmosphere is characterized by jet stream and associated intensive transient eddy activities. The transient eddies can redistribute heat and momentum in the atmosphere, and thus can drive or maintain the general circulation. The forcing terms of seasonal-mean atmospheric circulation in the midlatitudes can be determined in terms of the quasi-geostrophic potential vorticity (QGPV) equation that can be written as, where the overbar denotes the seasonal mean, Φ is the geopotential, ⇀ V h the geostrophic wind, T the temperature, and σ 1 the static stability parameter. Q d is the seasonal-mean diabatic heating that can be diagnosed as a residual of the thermodynamic equation (Yanai and Tomita 1998) , Q eddy is defined as the seasonal-mean transient eddy heating that is determined by the 3-dimensional convergence of heat flux transport by transient eddies, where the prime denotes the departure from the seasonal mean. F eddy is the transient eddy vorticity forcing that is determined by the convergence of vorticity flux transport by transient eddies, ) induced by f surface heat flux, g meridional current anomaly advection, and h Ekman pumping, respectively ◂ It can be found out from the right-hand terms of Eq. (1) that there are three terms that can generate atmospheric potential vorticity (PV) sources to change the seasonalmean atmospheric circulation: the diabatic heating, the transient eddy heating, and the transient eddy vorticity forcing. The former two terms are proportional to the vertical gradient of the heating, and the third term will be positive (negative) if there is a convergence (divergence) of the eddy vorticity flux within a certain region. Therefore, the seasonal-mean atmospheric circulation is driven by both thermal and dynamical forcing, and the transient eddy activities can influence the seasonal-mean atmospheric circulation by transporting both heat and vorticity fluxes. It is conceivable that the midlatitude ocean thermal condition can affect the atmosphere in two ways: the direct thermal forcing by diabatic heating and the indirect thermal and dynamical forcing by atmospheric transient eddy activities.
Climatologically, the relationship between the atmospheric transient eddy activities and the mean flow were previously identified with zonal averages over whole Northern Hemisphere (Holopainen et al. 1982; Lau and Holopainen 1984) . Here, the impact of the diabatic heating (Q d ), transient eddy heating (Q eddy ) and transient eddy vorticity forcing (F eddy ) on the seasonal-mean atmosphere over the midlatitude North Pacific can be understood also from the climatological view (Fig. 5) . A striking feature of wintertime seasonal-mean atmosphere over the midlatitude North Pacific is the westerly jet throughout the entire troposphere (Fig. 5a) eddy-driven jet. It can be seen from Fig. 5a that the westerly has a maximum located around 32°N at the upper troposphere, featuring the subtropical jet, while that around and north of 40°N, particularly at the lower troposphere, the westerly is basically eddy-driven. Driven by surface westerly wind, the western boundary oceanic currents and their extensions transfer heat to the atmosphere via sensible and latent heat fluxes, generating atmospheric diabatic heating over the region north of the jet axis where Aleutian low controls (Fig. 5b) . However, the diabatic heating is relatively weak and centered below the middle troposphere, with a maximum at 700 hPa, unlike in the tropics where it is determined by the convection-induced latent heat release and thus much deeper. In terms of Eq. (1), this shallow diabatic heating tends to generate a positive PV source near the surface which can reinforce the surface westerly, and a negative PV source above 700 hPa which can reduce the westerly there. Meanwhile, the poleward and upward thermal transport by the transient eddy activities diverges south of the jet axis, producing a "cooling" near the surface, while converges north of the jet axis, producing a "heating" with a maximum at 300 hPa (Fig. 5c ). Such a transient eddy heating centered at the mid-troposphere as one of the PV sources in Eq. (1) can affect seasonal-mean jet in a way similar to the diabatic heating, but tends to more easily create a baroclinic atmospheric response than the shallow diabatic heating as shown in Fig. 5b . Besides the heat flux, transient eddies also transport vorticity flux in upper troposphere. The convergence of vorticity flux by transient eddy activities is a vorticity source and thus one of the PV sources for the seasonal-mean atmosphere. Over the North Pacific, the climatological transient eddy vorticity transport produces a dipole PV source about around 40°N that can be considered as the eddy-driven jet axis, with a positive (negative) source north (south) of 40°N (Fig. 5d) . The transient eddy vorticity forcing has an equivalent barotropic structure in the vertical direction, with large values in the upper troposphere. The transient eddy vorticity forcing is always orthogonal to the eddy-driven jet axis, with positive values in the polar side of jet and negative values in the equatorial side, thus maintaining the jet throughout the troposphere. Such a role of the transient eddy vorticity forcing is generally considered to be typical in Southern Hemisphere where the midlatitude jet is mostly eddy-driven. However, over the North Pacific, the eddy-driven jet and the subtropical jet emerge together in winter. The jet core mainly represents the subtropical jet, while the surface westerly at around 40°N actually indicates the location of eddy-driven jet.
Furthermore, we find that the transient eddy activities are closely related to the oceanic front zones. As a result of oceanic adjustment to the surface westerly, an anticyclone subtropical gyre and a cyclonic subpolar gyre come into being. Due to the confluence of warm and cold currents in the western boundary, two narrow zones with larger SST gradient are generated at around 30°N and 42°N, which are so-called subtropical and subpolar oceanic front zone, respectively (Fig. 6a) , just below the westerly jet (Fig. 5a ). Resultantly, a large meridional gradient of the lowerlevel atmospheric temperature, i.e., the atmospheric front zone, is formed just above the oceanic fronts (Fig. 6b) . It is the atmospheric front zone that causes an atmospheric (Fig. 6c ) in which baroclinic eddies can generate.
Overall, above analyses suggest that the climatological state over the North Pacific is an equilibrium state involving the processes of ocean-atmosphere interaction in the midlatitudes. In such an air-sea interaction, the ocean affects the atmosphere mostly through the oceanic front zone. The oceanic front zone determines the low-level atmospheric baroclinicity that generates the transient eddies. Then, the transient eddy activities feedback on the seasonal-mean westerly flow, which, in turn, affects the ocean.
Relative role of different forcing sources in decadal climate anomalies
In Sect. 3, we have identified the decadal climate anomalies associated with the PDO. To understand the mechanism responsible for the decadal climate anomalies, here we further identify the decadal anomalies of the forcing sources including the diabatic heating, transient eddy heating and transient eddy vorticity forcing over the North Pacific. and transient eddy vorticity forcing anomalies, respectively, and Figs. 10 and 11 show the latitude-altitude section averaged between 150°E and 150°W of these anomalies as well as the decadal anomalies of other atmospheric and oceanic variables, respectively. One of the striking features is that the decadal anomalies (shaded) shown in those figures are mostly in phase with the climatology (contours), suggesting a decadal strengthening corresponding to a warm PDO phase. We can see that after the regime shift in 1976/77, the diabatic heating increases over the central-to-eastern North Pacific between 30° and 50°N at all levels (Figs. 7,   10a ), especially at the lower levels, due to the enhancement of oceanic heat release resulting from strengthened surface westerly (Fig. 10d) . The low-level positive diabatic heating anomaly is basin scale (Fig. 7a) , and its distribution pattern is similar to that of surface heat flux (Fig. 4a) . As altitude increases, the diabatic heating anomaly shifts eastward, probably due to the different type of the heat sources from the west to the east. Over the west where the underlying ocean is warmer due to Kuroshio Current, the diabatic heating anomaly could be mostly related to the surface heat flux anomaly. However, over the central-to-eastern North Pacific, the increased diabatic heating may be mostly contributed from the precipitation-induced latent heat release anomaly that is associated with the intensified Aleutian Low (Fig. 2b) . Since the atmospheric stratification is overall stable over this region, the heating cannot develop deeply. Hence the heating anomaly is confined to middle-to-lower troposphere (Fig. 10a) . Furthermore, the diabatic heating anomaly is almost in phase with the equivalent barotropic geopotential low in the meridional direction (Fig. 10e) . When the underlying SST becomes cooler after the regime shift (Figs. 2a, 11a) , the meridional gradient of SST increases south of 40°N and decrease north of 40°N (Fig. 11b) . Correspondingly, the meridional gradient of low-level atmospheric temperature and the atmospheric baroclinicity both increase south of 40°N and decrease north of 40°N (Fig. 11c, d) , and so does the associated northward heat flux transport by transient eddies. The heat flux converges between the positive and negative anomalies of baroclinicity. As a result, the PDO-regressed transient eddy heating anomaly has a positive center over the midlatitude North Pacific between 35°N and 60°N. The heating anomaly is deep and robust nearly in the whole troposphere with maximum at around 300 hPa (Figs. 8, 10b ), also in phase with the atmospheric geopotential low meridionally (Fig. 10e) . The magnitude of transient eddy heating anomaly is comparable to that of diabatic heating, which also illustrates that transient eddy heating is as important as diabatic heating in the middle and high latitudes. In terms of the total heating, its maximum is located at the upper level of atmosphere around 300 hPa, dominated by transient eddy heating. While in the middle and lower layers, the total heating is dominated by diabatic heating.
The transient eddy vorticity forcing anomalies are characterized by a positive anomaly in the upper troposphere over the central to eastern North Pacific between 35°N and 50°N and a negative anomaly between 25°N and 35°N (Figs. 9, 10c ). In the vertical direction, the transient eddy vorticity forcing anomalies also display an equivalent barotropic structure, which is weak in middle and lower troposphere and increases with height. The anomaly center is at 250 hPa, almost in phase with the atmospheric geopotential low as shown in Fig. 10e . The atmospheric response to the thermal and dynamical forcing can be examined based on the following geopotential tendency equation that is derived from QGPV equation, Eq. (1) (Lau and Holopainen 1984) We further calculate the former two forcing terms (F 1 and F 2 ) that are proportional to the vertical gradient of diabatic heating and transient eddy heating, respectively, and compare them with transient eddy vorticity 
where Δ denotes the seasonal anomaly, ∂∆Φ/∂t is the initial geopotential tendency, and R v is considered to be a residual term including the horizontal advection of quasigeostrophic potential vorticity and the friction. According to Eq. (4), the initial geopotential tendency is proportional to the vertical gradient of the heating, and to the transient eddy vorticity forcing.
forcing (F 3 ) (Fig. 12) . Different from the equivalent barotropic structure of F 3 (Fig. 12c) , F 1 and F 2 both display baroclinic structure in the vertical direction, with positive anomaly below the maximal heating and negative anomaly above the maximal heating (Fig. 12a, b) . The combined forcing of F 1 , F 2 and F 3 also shows a barotropic positive anomaly between 35°N and 45°N that is substantially contributed from the transient eddy vorticity forcing (Fig. 12d) . By inverting the 3-D PV operator (
∂p 2 ) with Successive over-relaxation (SOR) method, we solve Eq. (4) numerically and obtain the initial geopotential tendency induced by different PV sources respectively (Fig. 13) . The atmospheric geopotential response to F 1 and F 2 are also baroclinic, with a low in lower troposphere and a high in higher layers (Fig. 13a, b) , similar to the results shown in Hoskins and Karoly (1981) and in Lau and Holopainen (1984) . Furthermore, the atmospheric response to F 1 is relatively weak, and it almost offsets the response to F 2 below 400 hPa. Nevertheless, the barotropic transient eddy vorticity forcing anomaly can lead to an in-phase batrotropic geopotential response, which shows a barotropic geopotential low over the midlatitude North Pacific (Fig. 13c) . The total geopotential tendency induced by the three forcing terms is also barotropic north of 35°N. Over the midlatitude North Pacific, it shows a geopotential low that is determined by F 3 , and over the high-latitude North Pacific, it shows a geopotential high that is contributed from both F 2 and F 3 (Fig. 13d) . Therefore, compared to the baroclinic atmospheric response to the diabatic and transient eddy heating anomalies, the transient eddy vorticity forcing anomalies play a more important role in generating and maintaining typical equivalent barotropic anomalous atmospheric heights on decadal timescale in the midlatitude North Pacific.
A mechanism for the unstable midlatitude ocean-atmosphere interaction
Based on above analyses in Sects. 4 and 5, we can link the two parts together and propose a hypothesis on the mechanism for the unstable ocean-atmosphere interaction in the midlatitude North Pacific, as illustrated in Negative sea surface temperature anomalies low. Then, the intensified surface westerly will lead to a basin-scale oceanic surface cooling (negative SST anomaly) by enhancing the upward surface (sensible and latent) heat fluxes and driving the southward Ekman transport and the upwelling north of the westerly anomaly. Due to the enhanced heat transfer from the ocean, the direct diabatic heating in the lower-level atmosphere will increase over the cold SST region. On the other hand, the negative SST anomaly will increase the meridional SST gradient and thus enhance the subtropical oceanic front. As an adjustment of the atmospheric boundary layer to the enhanced oceanic front (Sampe et al. 2010) , the low-level atmospheric meridional gradient and thus the low-level atmospheric baroclinicity will be strengthened. Consequently, the atmospheric transient eddies in the zone with increasedbaroclinicity will become more active and induce more northward transport of heat and vorticity fluxes. Hence both the transient eddy heating and vorticity forcing increase in the central-to-eastern North Pacific. The response of the midlatitude atmospheric circulation to both the diabatic heating and the transient eddy heating tends to be baroclinic, whereas that to the transient eddy vorticity forcing is barotropic. However, the response to all of the three forcing sources tends to be a lower-level geopotential low north of the initial westerly anomaly, but the atmospheric response to the transient eddy vorticity forcing is dominant, which displays an equivalent barotropic geopotential low centered at the upper troposphere over the North Pacific. Therefore, the initial anomalies of the midlatitude westerly and Aleutian low will be further intensified, indicating an air-sea positive feedback in the midlatitude North Pacific.
It is worthwhile to further note that the midlatitude ocean that is entirely driven by the atmosphere is just passive in the feedback between the wind, the surface heat fluxes, and the diabatic heating (see the right part of Fig. 14) . Such a feedback can be considered as an internal atmospheric feedback process. If only this feedback works, the atmospheric geopotential response will be baroclinic with low-level low and high-level high above the cold water. The related air temperature anomaly will be positive and barotropic according to static equilibrium equation (∂Φ/∂p = −RT /P). Then the low-level cold air temperature (Fig. 2g) will be cancelled and the upward surface heat flux will be reduced or even change its sign. Therefore, the internal feedback cannot sustain the initial anomalies. However, in the feedback between the wind, the sea surface temperature, the oceanic front, the atmospheric baroclinicity, and the atmospheric transient eddy forcing (the left part of Fig. 14) , the ocean and the atmosphere are fully coupled, and the ocean can influence the atmosphere via indirect thermal and dynamical forcing of transient eddies, especially via the transient eddy dynamical (momentum or vorticity) forcing. Hence, the midlatitude ocean-atmosphere interaction can provide a positive feedback mechanism for the development of initial anomaly, in which the oceanic front and the atmospheric transient eddy are the indispensable ingredients. Such a positive feedback mechanism is fundamentally responsible for the observed decadal anomalies (Figs. 2, 3) , as described in Sect. 3, with equivalent barotropic trough (ridge) over cold (warm) water (i.e., socalled cold/trough or warm/ridge pattern) in the midlatitude North Pacific ocean-atmosphere system.
Conclusions and discussion
Observational studies have revealed that there is a significant decadal variability in the midlatitude North Pacific ocean-atmosphere system, and that the decadal mode of North Pacific SST anomalies, which is called the Pacific Decadal Oscillation (PDO), is well correlated with the atmospheric anomalies, especially during boreal winter. A detailed analysis of the 3-D distribution and configuration relationship of decadal climate anomalies in the North Pacific has been conducted in this study, showing that corresponding to a basin scale SST cooling (warming) for a positive (negative) PDO phase, the atmospheric geopotential height aloft dispalys an equivalent barotropic low (high) anomaly throughout the troposphere. This equivalent barotropic cold/trough (warm/ridge) structure is the major feature of North Pacific climate variability on decadal timescale. Due to the long evolution time of upper-ocean, the midlatitude ocean-atmosphere interaction is widely considered to be the potential source of decadal climate variability. Yet there is still not a relative complete theoretical framework for the ocean-atmosphere interaction in the midlatitudes until now, mainly because that the impact of the midlatitude ocean on the atmosphere has not been fully understood. In this study, we have explored the processes of ocean-atmosphere interaction, especially how the atmosphere responds to the SST anomalies in the midlatitude North Pacific, based on observational diagnoses.
In the midlatitudes, the forcing from the atmosphere on the ocean is much more significant than the reverse. The cold SST anomaly in the North Pacific is generated mainly by the strengthened westerly through the enhanced upward heat flux, and also through the southward Ekman current in the upper ocean. Despite the major role of the atmosphere in the midlatitude air-sea system, the ocean's effect on the atmosphere can still be detected in the view of atmospheric forcing sources.
The midlatitude atmospheric circulation is generally thermal-and eddy-driven. On the seasonal timescale, the forcing sources include the diabatic heating, the transient eddy heating, and the transient eddy vorticity forcing. The latter two items that reflect the convergence of the heat and vorticity (or momentum) transport by transient eddies, respectively, can be considered as indirect forcing sources of atmospheric circulation. Through these forcing sources, the midlatitude ocean's thermal condition can affect the atmosphere.
Associated with the decadal SST cooling over the midlatitude North Pacific during a warm PDO phase, the decadal anomalies of diabatic heating, transient eddy heating and transient eddy vorticity forcing are all positive over the central-to-eastern North Pacific. The increased diabatic heating is mainly induced by the increased latent and sensible heat fluxes from the ocean, and it is much significant in the lower-to-middle troposphere. The increased transient eddy heating is due to the intensified subtropical SST front and lower-level atmospheric baroclinicity, and it is much significant in the higher troposphere. Thus, the maximum center of the total heating is at the upper troposphere, mostly contributed from the transient eddy heating, while in the lower troposphere it is dominated by the diabatic heating. The increased transient eddy vorticity forcing is much significant in the upper troposphere, with an equivalent barotropic structure, and it is in phase with the anomalous geopotential low.
Based on detailed quantitative analyses, we find that the effects of the diabatic heating, transient eddy heating and transient eddy vorticity forcing on the seasonal mean atmospheric circulation are quite different. The atmospheric response to either shallow diabatic heating or deep transient eddy heating is dynamically baroclinic, whereas the response to the transient eddy vorticity forcing is equivalent barotropic. The increased transient eddy vorticity forcing tends to produce an equivalent barotropic geopotential low over the cooling SST that is consistent with the observation.
Furthermore, we find that the transient eddy activities are closely related to the oceanic front zones, especially the subtropical SST front in the North Pacific. The decadal SST cooling over the midlatitude North Pacific during a warm PDO phase leads to an intensification of the SST front, giving rise to an increase of the lower-level atmospheric baroclinicity aloft. It is via the enhanced subtropical oceanic front that the cooling midlatitude SST anomalies can intensify the atmospheric transient eddy activities.
In terms of the analyses in this study, it is suggested that the midlatitude ocean-atmosphere interaction can provide a positive feedback mechanism for the development of initial anomaly, in which the oceanic front and the atmospheric transient eddy are the indispensable ingredients. A mechanism for the unstable ocean-atmosphere interaction in the midlatitude North Pacific is proposed as follows. Suppose these is an initial midlatitude surface westerly wind anomaly companied with an intensified Aleutian low. Then, the westerly anomaly will lead to a basin-scale SST cooling by enhancing the upward surface heat fluxes and driving the southward Ekman transport and the upwelling north of the westerly anomaly. The SST cooling tends to increase the meridional SST gradient, thus enhancing the subtropical oceanic front. As an adjustment of the atmospheric boundary layer to the enhanced oceanic front, the low-level atmospheric meridional gradient and thus the low-level atmospheric baroclinicity tends to be strengthened, inducing more active transient eddy activities that increase transient eddy vorticity forcing. Such a vorticity forcing tends to produce an equivalent barotropic geopotential low north of the initial westerly anomaly. Therefore, the initial anomalies of the midlatitude surface westerly and Aleutian low will be further intensified. Such a positive ocean-atmosphere feedback mechanism is very well responsible for the observed decadal anomalies with equivalent barotropic trough (ridge) over cold (warm) water (i.e., so-called cold/ trough or warm/ridge pattern) in the midlatitude North Pacific ocean-atmosphere system.
In the diagnostic analysis of this paper, the seasonal mean data is used to obtain the relationship among oceanic and atmospheric anomalies. This relationship can be understood among equilibrium states resulting from the interactions of these fields. The lead/lag relationship between the oceanic and atmospheric variables especially for the case in which the ocean leads the atmosphere needs to be further examined using shorter time interval (say, daily or weekly) data. Since the atmospheric response to SST anomalies is very fast, high-resolution satellite data for SST and atmospheric winds and more ingenious statistical methods should be used to further analyze the detailed feedback processes involving transient eddy activities, especially in SST frontal zones. Moreover, in the present paper, transient eddies refer to all the eddies on the timescale shorter than one season. The relative role of synoptic eddies and low-frequency (subseasonal) eddies in the midlatitude air-sea interaction also need to be further identified.
